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Formation of ultra ne grained microstructures in
steel through strain induced transformation
during single pass hot rolling
H. Beladi, A. Zarei-Hanzaki, G. L. Kelly and P. D. Hodgson
In the present study, wedge-shape samples were used to study the effect of strain induced transformation on the
formation of ultra ne grained structures in steel by single pass rolling. The results showed two different transition
strains for bainite formation and ultra ne ferrite (UFF) formation in the surface layer of strip at reductions of 40%
and 70%, respectively, in a plain carbon steel. The bainitic microstructure formed by strain induced bainitic
transformation during single pass rolling was also very  ne. The evolution of UFF formation in the surface layer
showed that ferrite coarsening is signi cantly reduced through strain induced transformation combined with rapid
cooling in comparison with the centre of the strip. In the surface, the ferrite coarsening mostly occurred for
intragranular nucleated grains (IG) rather than grain boundary (GB) ferrite grains. The results suggest that normal
grain growth occurred during overall transformation in the GB ferrite grains. In the centre of the strip, there was
signi cantly more coarsening of ferrite grains nucleated on the prior austenite grain boundaries. MST/5753
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Introduction
High strength steel with high toughness is the main objec-
tive of thermomechanical processing. There are different
approaches to achieve these requirements, although re ne-
ment of the ferrite grain size is the simplest method to
increase both strength and toughness. Historically, ferrite
re nement has been achieved in a number of ways by
thermomechanical processing. However, it has been shown
that there is a limiting ferrite grain size of approximately
5 mm regardless of the level of retained strain induced into
the austenite using conventional thermomechanical pro-
cesses such as controlled rolling.1 This is at least partly due
to ferrite coarsening during transformation.2
More recently, researchershave developednew thermome-
chanical processes to produce  ne, equiaxed ferrite grains
smaller than 2 mm, here called ultra ne ferrite (UFF), in as
hot rolled steel strip by different mechanisms. Basically, the
potential routes to produce UFF may be classi ed into
three categories.
The  rst method uses the austenite to ferrite transfor-
mation to obtain UFF from a  ne prior austenite grain
structure, in which the  ne austenite grain size is produced
by recrystallisation3 or other processes.4 Secondly, recrys-
tallisation in the ferrite phase  eld can be used to produce
UFF,4 ,5 although the stacking fault energy of ferrite is high,
which leads to sluggish dynamic recrystallisation of ferrite.
The third method uses strain induced transformation of
austenite to ferrite (SIT) in conjunction with rapid cooling.
Hodgson and colleagues6 developed a new thermomecha-
nical process based on SIT, which producesUFF as small as
1 mm in the surface of hot rolled steel strip.
In view of the continuing interest in achieving even more
ef cient grain re nement by the latest thermomechanical
processing, the present work evaluates the effect of strain
induced transformationon ultra ne ferrite and bainite grain
structure formation through single pass rolling in a plain
carbon steel. Furthermore, the microstructural evolution of
ferrite transformation is studied through the strip thickness
at the critical strain for UFF formation.
Experimental procedure
The composition of steel used in this study is given
in Table 1. Hot rolling was performed on a laboratory
mill with rolls of 365 mm diameter, a rolling speed of
15 rev min2 1 and preheating resistance furnace with a
maximum working temperature of 1300°C. The wedge
samples were machined to 14062068 mmwith an included
angle of about 4° (Fig. 1).
All the specimens were austenitised at 1200°C for 15 min,
resulting in an average austenite grain size of ~120 mm
(Fig. 2). The samples were reheated in stainless steel foil
bags to prevent excessive oxidation. The wedge samples
were cooled to the Ae3 –Ar3 region between Kaowool
blankets to homogenise the temperature along the length of
the wedge. The specimens were then passed through the
rolls at a temperature of 760°C to achieve strip with a  nal
thickness of~2 mm. The temperatureof the specimens was
measured continuously during the test by two N-type
thermocouples, inserted at opposite positions in the sides of
samples (Fig. 1). The surface temperature was measured by
a pyrometer throughout the experiment. After deformation,
the rolled strips were air cooled to room temperature. To
study the microstructural evolution of the ferrite transfor-
mation through the thickness, the air cooling was inter-
rupted by water quenching from a given temperature.
Table 1 Chemical composition (wt-%) and characteristics
of test steel
C Si Mn Al Ae3, °C* Tdef
0.35 0.26 0.82 0.03 795 760
*Ae3 temperature was calculated using the ChemSage program.
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Metallographic observations were made on the normal
rolling direction plane at the centre and at a depth of between
0.1 and 0.15 mm below the surface of the rolled strips. The
ferrite volume fraction was determined by point counting. In
this study, only the volume fraction of polygonal ferrite
was considered. Electron backscattered diffraction (EBSD)
examination was used to distinguish the ferrite grain boun-
daries with misorientation angles more than 15° using HKL
Technology Channel 5.* The mean ferrite grain size was
determined using the mean linear intercept method.
Results
Due to the changing thickness along the length of the
wedge, there is a temperature variation in the wedge sample
after the air-cooling before deformation (Fig. 3). Due to
this, the thinner sections (<4 mm) of the wedge sample
were deformed in the two phase region (i.e. lower than the
Ar3 temperature) rather than in the austenite single phase
region. The  nal thicknesses of the deformed strips were
typically in the range 2 to 2.3 mm. The microstructures of
all rolled samples were inhomogeneous through the strip
thickness. The surface microstructure showed two transi-
tion points (Fig. 4).
Transition I: change from a ferrite– pearlite to a bainite
microstructure.
Transition II: change from a bainitic to an UFF
microstructure.
The critical reduction and deformation temperature Td
for each transition are given in Table 2. Transitions I and II
began at 40% and 70% reduction, respectively (Fig. 4).
However,because the temperaturealso variedalong the length
it is not possible to only specify a critical reduction, but a
combined critical reduction and deformation temperature.
TRANSITION I (BAINITIC TRANSFORMATION)
At the location corresponding to 40% reduction the surface
layer studied (0.1 – 0.15 mm depth) consisted of very  ne
bainite. The measured surface temperature was 580¡10°C
just after the exit points of the roll gap. A much lower
surface temperature would have existed within roll gap, as
the surface temperature rapidly increases through conduc-
tion from the hotter strip centre (Fig. 5). At these lower
temperatures, the available CCT data7 for a similar steel is
consistent with the formation of bainite. However, it is
important to note the extreme  neness of the bainite formed
here compared with other bainite structures formed after
thermomechanical processing.
TRANSITION II (UFF FORMATION)
The main microstructural feature after the critical strain for
UFF formation was the presence of equiaxed ferrite grains
as small as 1.5¡0.25 mm. These penetrated to a quarter of
the total thickness from each side, with some evidence for
carbides on grain boundaries and grain interiors (Fig. 6).
The strip core had a more conventional microstructure of
ferrite and pearlite.
Microstructural evolution of UFF transformation
in the surface layer
At 70% reduction,very  ne ferrite grainscompletelydecorated
the prior austenite grain boundaries and nucleated into
closely spaced parallel arrays or three dimensional rafts
within each austenite grain at an early stage of transforma-
tion (Fig. 7a). The distribution of the ferrite grain size was
very inhomogeneous. There were a few carbides in the
vicinity of some ferrite grains, which may have been pre-
cipitated during quenching.
With a decrease in the quench temperature, the volume
fraction of ferrite increased through ferrite growth and
the nucleation of new, intragranular ferrite grains in the
remaining austenite (Fig. 7b and c). The intragranularly
nucleated grains had grown signi cantly compared with the
ferrite grains nucleated on or near the prior austenite grain
boundaries. The distribution of the ferrite grain size was
reasonably homogenous with more than 75% ferrite grains
less than 2 mm in size (Fig. 8). Also, the volume fraction of
carbide increased markedly. These carbide particles were
arranged in elongated and narrow bands; their orienta-
tions did not appear to have any speci c relationshipwith the
1 Wedge specimen (T: thermocouple position)
2 Schematic representation of heat treatment and defor-
mation schedule
3 Variation in temperature of wedge sample during cool-
ing from 1200°C for different thicknesses
*HKL TECHNOLOGY APS, Denmark, July 2001.
Table 2 The critical reduction and deformation tempera-
ture for each transition
Transition I Transition II
Td, °C Reduction Td, °C Reduction
710 40% 751 70%
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rollingdirection (indicatedby the arrow in Fig. 7b). However,
the density of carbides along the prior austenite grain
boundaries was much higher than in the austenite grain
interiors. These bands were not evident in the steel prior to
deformation.
Ferrite microstructure in the centre
At the sample location corresponding to 70% reduction, the
ferrite grain size was much coarser in the centre compared
with the surface at any given quench temperature (Fig. 9).
The volume fraction of transformed ferrite also decreased
from the surface to the centre of the strip (Fig. 7). The
density of intragranular rafts was clearly reduced since no
intragranular ferrite grains were seen in the centre of the
strip at a quench temperature of 675°C (Fig. 7d). Also, the
ferrite had not completely decorated the prior austenite
grain boundaries in the centre of the strip (Fig. 7d). This
variation in volume fraction of ferrite from surface to centre
is due to a change in the strain gradient and undercooling
through the thickness.With a decrease in the quench tempera-
ture, the ferrite grain size coarsened and some intragranular
ferrite nucleated. The intragranular ferrite had a more
acicular morphology (indicated by the arrow in Fig. 7e).
Furthermore, at the lower temperature, pearlite had formed
in the centre of the strip instead of  ne carbides (Fig. 7f).
The volume fraction of acicular ferrite and pearlite
increased in the centre compared with the region closer to
the surface.
The density per unit boundary length N/L of ferrite
nucleated on or near the prior austenite grain boundarywas
reduced for an increase from 50% to 60% reduction, with an
associated increase in the ferrite grain size (i.e. through
progress of transformation),after cooling to room tempera-
ture (Fig. 10). However, for 70% reductionN/L increased at
the start of transformation, followed by a slight decrease
with increase in ferrite grain size. Microstructural studies
showed that the prior austenite grain boundaries were
completely decorated by ferrite grains for the 50% reduction
at an early stage of transformation. However, the majority
of prior austenite grain boundaries were free of ferrite
grains at 70% reduction. This can be explained because
the deformation temperature and initial thickness were
different for each reduction, resulting in a different amount
of undercooling. Moreover, N/L was slightly lower for
boundaries that were parallel to the rolling direction. This
difference was higher at the start of transformation and
decreased during transformation.
5 Cooling curve during thermomechanical processing at
centreline location corresponding to plate thickness of
3.3 and 8 mm




a 0%; b 40%; c 70%
4 Surfacemicrostructure at different reductions (C: carbide)
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Discussion
The single pass rolling and subsequent quenching or air
cooling of the wedge sample showed a number of important
features:
1. For less than 40% reduction there was no dynamic
strain induced transformation in the surface layer and after
air cooling the entire thickness transformed to a conven-
tional ferrite and pearlite microstructure;
2. For locations corresponding to between 40 and
70% reduction, the surface layer showed evidence of a
highly re ned bainitic microstructure that had formed
during deformation (i.e. dynamically). The centre micro-
structure consisted of a conventional ferrite and pearlite
microstructure.
3. For higher than 70% reduction there was dynamic
strain induced transformation of ferrite in the surface layer
and the air cooled microstructure showed ultra ne ferrite
grained structures as small as 1.5 mm.
In the following sections, the evolution of the phases is
discussed in more detail.
BAINITIC TRANSFORMATION
In this study, a condition is created in the wedge sample
whereby the steel passes through the bainitic transformation
region during thermomechanical processing. The as
quenched microstructure after deformation shows that the
very  ne bainitic ferrite was dynamically transformed in the







a 652°C; b 647°C; c 628°C; d 675°C; e 660°C; f 631°C
7 Microstructure variations in surface and centre for 70% reduction and different quenching temperatures after defor-
mation (C: carbide, AF: acicular ferrite, RD: rolling direction)
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and the remaining austenite transformed during cooling to
room temperature.
So far, the effect of deformation on the bainitic trans-
formation has been studied for alloy steels using either an
ausforming process8 or controlled thermomechanical pro-
cessing.9 These processes allow the strain to be accumulated
before the bainitic transformation. However, in plain
carbon steels, the restoration processes (i.e. recrystallisation
and recovery) reduce the strain that can be retained in the
austenite before bainitic transformation. In addition, the
size of bainitic ferrite is controlled by the density of
nucleation sites rather than the growth rate. In this study,
the deformation temperature required for very  ne bainite
formation was very low in comparison with conventional
thermomechanical processing (Table 2). The low defor-
mation temperature has been reported10 to signi cantly
increase the volume fraction of intragranular defects (i.e.
deformation bands), which are potential additional nuclea-
tion sites for the ferritic bainite. It is proposed that the
condition for the formation of very  ne bainite formation is
very similar to that required for UFF formation.This result
suggests the potential for other strain induced transforma-
tions of other phases to be formed, although signi cantly
more work is required at this stage.
ULTRAFINE FERRITE FORMATION
The present results con rm that there is a critical strain for
UFF formation through SIT processing. However, the
interestingpoint in this study is themicrostructuralvariation
from the surface to the centre of rolled strip at the critical
strain for UFF formation. This difference indicates that the
mechanism of ferrite transformation changes through the
strip thickness as discussed in the following sections.
UFF FORMATION IN SURFACE LAYER
Previously, it has been reported that a massive type trans-
formation was induced through strain induced transforma-
tion of ferrite.11 As the massive ferrite transformation is
known to occur just below the temperature T0 (the tem-
perature at which Gc~Ga) in iron alloys with very low
carbon content (as low as 0.02 wt-%), this mechanism is not
easily accepted for UFF formation. Recent work12 ,1 3 has
con rmed that UFF formation through SIT is a diffusional
transformation (i.e. nucleation and growth), although the
kinetics of transformation are extremely rapid compared
with conventional ferrite transformation. The following
sections consider the nucleation and growth aspects of UFF
and compare these with the more typical grain boundary
nucleation as seen in the centre of the strip.
Nucleation
It is now known that inducing intragranular defects (i.e.
deformation bands) during deformation provides the
nucleation sites for the subsequent dynamic transformation
and that this is the main reason for UFF formation.12 A
large prior austenite grain size has a greater tendency to
develop these bands,14 the inhomogeneity in strain dis-
tribution at a microscale increases with increase in austenite
grain size. Also, there is a much higher shear strain loca-
lisation in the vicinity of the austenite grain boundaries than
the grain interiors. It is proposed that this explains why the
density of ferrite rafts in the vicinity of the prior austenite
grain boundaries is much higher than the grain interiors in
the early stage of transformation (Fig. 7a). However, in the
current work the size of ferrite formed near the prior
austenite boundary, hereafter termed grain boundary ferrite
(GB), and intragranular ferrite (IG) grains were similar at
an early stage of transformation (Fig. 7a).
The inhomogenity of strain also causes some areas of the
austenite grains to not have the appropriate driving force
for nucleation during deformation. These areas gave coarse
austenite islands that remained after deformation and either
transformed to martensite during quenching or to ferrite
and pearlite on air cooling to room temperature.
Growth
The growth of UFF could be divided into two periods:
dynamic growth (i.e. during straining) and static growth
(i.e. after deformation). Umemoto et al.15 have shown that
the Dg maximum (Dg*) and the critical radius (r*) for ferrite
nucleation on dislocations is smaller than that for homo-
geneous nucleation. The critical radius has been estimated
to be about 0.08 mm in size. However, even for rapid
9 Grain size variation of ferrite in surface and centre of
strip for different quenching temperatures
10 Nucleation density per unit boundary length with
respect to rolling direction as a function of ferrite
grain size at different reductions. I: grain boundaries
which are not parallel to the rolling direction, II:
grain boundaries parallel to the rolling direction
8 Ferrite grain size distribution after overall transforma-
tion at surface layer of strip
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quenching immediately after deformation the mean ferrite
grain size is nearly 1 mm. Therefore, the ferrite embryo
would have grown very rapidly as it reached the critical size
at an early stage of transformation during deformation
(here called dynamic growth). On the other hand, if the
ferrite could not nucleate on all nucleation sites at the same
time, it is possible that some nucleation sites would be
consumed through rapid growth of ferrite nuclei that have
nucleated earlier. Hence, potentially not all possible nuclea-
tion sites of ferrite could be utilised through strain induced
transformation. This may limit the  nal ferrite grain size,
although this strongly depends on the growth behavior of
ferrite grains during the post deformation cooling (i.e. static
growth).
Figure 11 shows the ferrite grain size as a function of the
fraction transformed in the surface layer. The results are
compared with a calculation (equation (1)) based on the
assumption that all grains nucleated during transformation
become a grain in the  nal microstructure.2
dai~dac(Xi=Xc)
1
3 : : : : : : : : : : : : (1)
where da c is the mean linear intercept grain size of ferrite
after complete transformation; Xc is the volume fraction
of ferrite then present (the remainderbeing pearlite,marten-
site or/and carbide); and da i, Xi represent corresponding
quantities at any instant during incomplete transformation.
It can be seen that the measured mean values for the
ferrite grain size (Fig. 11) at each instant of transformation
are slightly lower than those predicted by equation (1) from
the  nal grain size. This difference is greater at the early
stage of transformation (less than volume fraction of 0.5).
Microstructural studies show that the grain growth
behaviours of the IG and GB ferrite are signi cantly dif-
ferent during transformation in the surface layer of the strip
(Fig. 7). Hence, it is necessary to differentiate the IG and
the GB grains and study their growth behaviour separately.
To estimate the IG and the GB ferrite grain sizes at each
stage of transformation, a ferrite grain size of 1 mm was
considered as the  nal grain size of the GB ferrite. The
microstructural studies suggest that these grains neither
coarsened nor grew normally during post deformation
cooling (Fig. 7a – c). With a decrease in the quench tem-
perature, the population of ferrite grains with a size less
than 1 mm decreases, comprising approximately 43% of the
total population of the  nal microstructure at room tem-
perature (Fig. 12). This amount is assumed to be the popu-
lation of the GB ferrite grains.
The GB mean ferrite grain size is approximately constant
(0.7¡0.1 mm) during transformation (Fig. 13). The esti-
mated mean ferrite grain size values for the IG ferrite grain
size at each instant of transformation are lower than those
predicted by equation (1) from the  nal grain size for that
population (Fig. 13). This difference is slightly greater at the
early stage of transformation. It seems that the assumption
of site saturation and normal growth are not completely
ful lled in the IG ferrite grains during the overall trans-
formation, although the amount of coarsening is much
lower than in other work2 ,1 6 that studied the evolution of
the ferrite transformation after controlled rolling.
Possible explanations for the difference in grain growth
behaviour of the IG and the GB ferrite grains could be the
carbide precipitate distribution or just the simple full
impingement of grains at an early stage of transformationin
the GB ferrite. As stated previously, the strain concentra-
tion in the vicinity of the austenite grain boundaries leads to
a more rapid transformation in that region. The ferrite
grains form a layer around the boundary with full impinge-
ment in these dimensions. The remaining small islands of
austenite could rapidly transform to carbide during cooling
and then impede any further coarsening by normal grain
growth through pinning. Also it has been suggested pre-
viously2 that coarsening of fully impinged rafts could be
quite different to coarsening of two-dimensionally impinged
rafts where the remaining dimension is still moving through
transformation. For the IG ferrite there is not complete
impingement when the grain size is smaller and it appears
that there is coarsening as the large austenite islands trans-
form to ferrite during cooling.
The hardenability and the intragranular defects play
an important role in producing UFF through SIT.12 ,1 3
Although the coarse prior austenite grain size increases the
hardenability of steel and the density of intragranular
11 Ferrite grain size versus volume fraction of ferrite at
surface layer during transformation
12 Distribution of ferrite grain size at different quench
temperatures after 70% reduction
13 Grain size of IG and GB ferrite grains as a function of
fraction transformed at strip surface
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defects during straining, it signi cantly raises the inhomo-
genity of the strain distribution at the microscale. In this
study, the distribution of strain is signi cantly inhomoge-
neous in comparison with other studies17 resulting in the
inhomogeneous distribution of ferrite grains through the
microstructure. In fact, the coarse prior austenite grain
size could have a negative effect on ferrite re nement
through this inhomogenityof strain distribution.Therefore,
there could be an optimum prior austenite grain size that
depends on the thermomechanicalprocessing as well as steel
composition to decrease the strain inhomogenity and re ne
the ferrite grain size effectively.
FERRITE GRAIN GROWTH BEHAVIOUR IN THE
CENTRE
The rate of ferrite coarsening in the strip centre was much
higher than the surface of strip, although it reduced with an
increase in strain (Figs. 9 and 10). The lack of carbide
precipitates in the centre could be one reason for the
increase in the rate of coarsening. A recent study,18 how-
ever, showed that a 1 mm ferrite grain size has been pro-
duced in low carbon steel (0.0022 wt-%C) where the volume
fraction of carbide was very low. It was proposed in that
work that the distribution of misorientationof ferrite grains
would presumably be changed through SIT, which could
prevent the ferrite coarsening behaviour, although there is
no evidence to con rm this proposal. On the other hand, it
has been reported19 that the K – S orientation relationship
between the austenite and ferrite was altered by applying
strain during transformation. It was claimed that the
changes in distribution of the misorientation angle of the
ferrite makes it dif cult for the ferrite grains to coalesce
during transformation and this is responsible for the
decrease in aspect ratio of ferrite formed under external
deformation.19 Hence, different ideas have been proposed
to explain the reason for ferrite coarsening at the early stage
of transformation. In the current work there is ferrite
formed dynamically and statically at the surface and
statically at the strip interior and it is important to
understand the different grain growth behaviour through
the thickness.
The amount of strain and undercooling are different at
the surface in comparison with the centre of the strip. At
the critical condition for UFF formation in the surface
(70% reduction) the equivalent mean tensile strain is 1.4.
However, the distribution of strain is not uniform through
the thickness. To estimate the strain value at different
depths from the surface, equation (2) has been used,
although it was developed for compression testing.20
e~ln(dc=THc) : : : : : : : : : : : : (2)
where e, dc and THc are strain, prior austenite grain size
(mm) and thickness of deformed austenite grain (mm),
respectively. Figure 14 shows the estimated strain and the
mean ferrite grain size as a function of depth from the
surface after 70% reduction. This shows that strain at
the surface is nearly three times that at the centre of the
strip, which agrees with earlier  nite element modelling of
strip rolling under heavy shear.21 The high strain accumula-
tion in the surface plays an important role in inducing
signi cant intragranular defects for nucleation of ferrite.
However, there is some evidence that shows coarsening still
occurs at the surface even in small areas of the micro-
structure (the IG ferrite grains) as discussed previously.
The other difference between the centre and the surface is
the amountof undercooling through contact of the rolls and
the sample during deformation. The undercooling at the
surface and the centre was 120°C and 60°C, respectively, at
the 70% reduction location.Grain coarsening kinetics depend
strongly on the temperature. Therefore, this undercooling
difference could effectively change not only the nucleation
rate of ferrite, but also the coarsening behaviour of ferrite
through the thickness during post- deformation cooling. It
has been reported that any delay between deformation and
cooling can cause a signi cant coarsening in ferrite rafts
produced through SIT using hot torsion.22 In fact, post-
deformation cooling can play an important role in con-
trolling the rate of coarsening. This means that the SIT is a
necessary but not a suf cient factor to completely control
ferrite coarsening in overall transformation while under-
cooling is a complementary factor to reduce grain growth.
Conclusions
Wedge samples were used to study the effect of strain
induced transformationon the formation of ultra ne ferrite
(UFF) grain structures through single pass rolling. Two
transition strains for the bainitic transformation and ultra-
 ne ferrite formation were observed in a plain carbon steel
(0.35%C). The bainite and UFF were formed by strain
induced transformation at reductions of 40% and 70%,
respectively in the surface layer of the strip. The bainite
microstructure was very  ne. The ultra ne ferrite grain size
was 1.5 mm and its distribution was reasonably homo-
genous with more than 75% of the ferrite grains less than
2 mm.
The size of prior austenite grain boundary ferrite (GB)
and intragranular ferrite (IG) grains was similar at an early
stage of transformation at the critical strain for UFF
formation (i.e. 70% reduction), although the distribution of
ferrite nucleation sites was signi cantly inhomogeneous
throughout the surface layer. In the surface, the ferrite
coarsening was markedly reduced through SIT combined
with rapid cooling in comparison with the centre of strip,
where only conventional static transformation occurred. In
the surface, ferrite coarsening mostly occurred in the
intragranularly nucleated ferrite grains rather those on, or
near, the prior austenite grain boundaries. Signi cant ferrite
coarsening was observed in the ferrite grains nucleated
on the prior austenite grain boundaries in the centre of
rolled strip.
Acknowledgements
This work was supported by the Australian Research
Council. The technical assistance of J. Whale and R. Pow is
gratefully acknowledged. One of the authors (H. Beladi)
also acknowledges the support of a Deakin University
research scholarship.
14 Estimated strain and mean ferrite grain size as a
function of depth from surface after 70% reduction
Beladi et al. Ultra®ne grain structures through single pass rolling 219
Materials Science and Technology February 2004 Vol. 20
References
1. r. k. gibbs, p. d. hodgson and b. a. parker: ‘Morris E. Fine
Symposium’ (ed. P. K. Liaw et al.), 73 – 81; 1991, Warrendale,
PA, TMS.
2. r. priestner and p. d. hodgson: Mater. Sci. Technol., 1992, 8,
849– 854.
3. g. l. kelly and p. d. hodgson: in J. J. Jonas Symposium
‘Thermomechanicalprocessing of steel’, COM 2000 (ed. S. Yue
and E. Essadiqi), 335– 349; 2000, Montreal, CIM.
4. r. priestner and a. k. ibraheem:Mater. Sci. Technol., 2000, 16,
1267– 1272.
5. h. mabuchi, t. hasegawa and t. ishikawa: ISIJ Int., 1999, 39,
477– 485.
6. j. h. beynon, r. e. gloss and p. d. hodgson: Mater. Forum,
1992, 16, (1), 37 – 42.
7. g. f. vander voort: ‘Atlas of time-temperature diagrams for
iron and steels’, 224; 1991, ASM International.
8. h. k. d. h. bhadeshia: ‘Bainite in steels’, 1st edn, 375; 1992,
London, The Institute of Materials.
9. m. h. shah-hosseini, a. zarei-hanzaki, a. dehghan-manshadi
and h. beladi: J.FacultyEng.,Univ.Tehran, 1999,33, (2), 49– 59.
10. y. adachi and s. hinotani: Int. Symp. on ‘Ultra ne grained
steels’ (ISUGS 2001), Fukuoka, Japan, (ed. S. Takaki and
T. Maki), 84 – 87; 2001, Tokyo, Iron and Steel Institute of
Japan.
11. h. yada, y. matsumura and t. senuma: Thermec’88, Proc. Int.
Conf. on ‘Physical metallurgy of thermomechanical processing
of steels and other metals’ (ed. I. Tamura), Vol. 1, 200– 206;
1988, Tokyo, The Iron and Steel Institute of Japan.
12. p. j. hurley, b. c. muddle and p. d. hodgson: Metall. Mater.
Trans. A, 2001, 32A, 1507– 1517.
13. m. r. hickson, r. k. gibbs and p. d. hodgson: ISIJ Int., 1999,
39, 1179– 1180.
14. r. bengochea, b. lopez and i. gutierrez: ISIJ Int., 1999, 39,
583– 591.
15. m. umemoto, a. hiramatsu, a. moriya, t. watanabe, s. nanba,
n. nakajima, g. anan and y. higo: ISIJ Int., 1992, 32, 306– 315.
16. r. bengochea, b. lopez and i. gutierrez: Metall. Mater.
Trans. A, 1998, 29A, 417– 426.
17. p. j. hurley: PhD thesis, Monash University, Australia, 1999.
18. p. j. hurley and p. d. hodgson: Mater. Sci. Eng., 2001, 302,
206– 214.
19. d. w. suh, j. y. cho, j. h. kang, k. h. oh and h. c. lee: Int.
Symp. on ‘Ultra ne grained steels’ (ISUGS 2001), Fukuoka,
Japan. (ed. S. Takaki and T. Maki), 214– 217; 2001, Tokyo,
Iron and Steel Institute of Japan.
20. s. torizuka and k. nagai: Tetsu-to-Hagane (J. Iron Steel Inst.
Jpn.), 2002, 88, (3), 148– 154.
21. x. j. zhang, p. d. hodgson and p. f. thomson: Mater. Process.
Technol., 1996, 60, 615 –619.
22. p. j. hurley and p. d. hodgson: Mater. Sci. Technol., 2001, 17,
1360– 1368.
Materials Science and Technology February 2004 Vol. 20
220 Beladi et al. Ultra®ne grain structures through single pass rolling

